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Alterations  wr.  obo  r/^.1  in  'die  virulence  ,.f  Chigella  flexr-jri  2a  for  pro- 
tre  ated  guinea  pigs  full  :ic  •  hybrldlntuior.  by  leaiy-tchia  cell  K»12  Itfr  strains. 
Genetic  studies  ituieao.  i  :>*  ac  .'hro'.x©o-ial  honolc.y  ' ttx-c::  these  tvu  epeices. 
Hovc/cr,  Tveocbinatiou  frequencies  •..vr>  Ic  ’  r  than  ti.^oe  obtained  i:.  comparable 
f «  coli  IE.  cell  crosses,  Ci»J  extensive  tw.uf^r  of  *JUe  Escherichia  j.®aae  was 
detected  only  occasionally.  Virulence  t  O -O  m  Chi.^  ilo  hybrids  carrying  over* 
lapping  Sc^oents  of  ihc  Each:  •ichlq  cbroxoc  i  ■?  .■>  Iha  only  oae  region,  located 
between  the  rha*  and  *32*  ■jenea,  viiiah  was  <  aaor.tic3  for  virulenoo.  ltybrid# 
carry! nc  th  e  xyl-rha*  Cache  ri  eh  la  region  as  a  p  vcic.ent  caugeaotc  diapUyod 
into rtx-diatc  virulence;  haploid  segreganta  iiich  Lose  Uiic  caogeaoUi  were  fully 
virulent,  while  odo  luplolu  .hi eh  hod  lncoipcr&V.u  It  proved  to  bo  uvlrule&t. 
Prclininary  tests  on  a  aouao- virulent  Salaanolla  tynhicuritti  hybridised  by  an 
snrirulcnt  Gahaoae Ho  abony  donor  indicated  that,  to  this  species  also,  Virulence 


m ay  be  lost  on  eubstituticn  of  the  xyl*-ihe?  region,  Salmonella  tyhoss 
strain  6^3¥3r,  hybridized  by  mating  with  an  B.  aoll  Sfr  strain*  vas  fend  to 
exhibit  enhanced  recipient  ability  on  remating  with  E.  soli  decors  ubose  lead 
chromosomal  region  matched  the  genetic  segment  integrated  by  the  hybrid. 


I .  Alters*  loas  In  the  virulence  of  Becherlchlo»Biigella  hybrid  for  the 

guinea  pic* 

1.  During  the  past  year  this  investigation  has  focused  on  the  genetic  basis 
of  virulent;.'  in  enteric  bacteria.  One  important  finding  has  bean  the  loss  of 
guinea  pig  virulence  in  the  2a  strain  of  Biiaalla  flgggri  after  specific  sub¬ 
stitution  of  Escherichia  ooli  genetic  ante  rial,  ns  a  result  of  mating  with 
8.  ooli  E»12  Bfr  strains. 

8.  Ossetic  recombination  between  Bfr  strains  of  Escherichia  coll  S»l2  and 
adders  of  the  Bilge  11a  group  vns  initially  demonstrated  by  Larin  ami  Burrous 
(1997).  Intensive ,  thou#i  in  couple  to,  genetic  hanology  vne  found  to  exist 
between  these  two  genera.  Formal  ot  al.(l9$C,  1959)  demonstrated  a  fatal  en¬ 
teric  infection  in  either  started  or  carton  tetrachloride  pretreated  gaisea 
plga  challenged  orally  with  florae ri  8a.  this  iafectioa  produced  lesions  in 
both  Bio  large  sod  small  bevel  vfalah  resembled  these  scon  In  hamsa  cases  of 
shigellosis.  The  svaildbllity  of  both  a  genetic  transfer  system  and  SB  infec¬ 
tion  model  thus  cmriblod  examination  of  alteratioas  in  the  virulence  of  6. 
fluxaeri  8a  for  pro  treated  guinea  pigs,  fallowing  conjugation  vith  I.  soli  X-12. 

3.  three  B.  osli  E-28  Bfr  strains  were  employed  in  the  genetic  crosses: 
H1S95,  which  transfers  its  chrcsnaamal  markers  in  the  order  origin,  lactose 
utilisation  (lac*),  arab loose  utilisation  (arm4),  xhoaasee  utilisation  (ifca4). 
indol  production  (lad*),  xylose  utilisation  jxyl*),  maltose  utilisation  (mil4), 
fucoso  utilisation  (ito*).  nicotinic  acid  synthesis  (Ale*).  ...  galactose 
utilisation  (gsl*);  IB  313  (origin,  lad* .  jgl* ,  malt  ...  Aa);  1368 
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(origin,  ogL*,  ayi* ,  tat!  ... .fua4).  Matings  between  these  E.  eoll  donors 
ood  the  2a  S.  flcaasri  strain  Indicated  that  a  cross  homology  exists  between 
the  chromosomes  of  these  tw>  species.  However,  rceoublnatlon  f  refuencics  were 
lover  than  those  obtained  in  comparable  E.  colt  Z  E.  aoll  crosses  (Table  l). 
Further,  the  predocJnant  dhlgella  hybrid  class  aofslred  only  the  selected  genu* 
tic  marker  from  the  E.  aoll  parent;  ext  naive  transfer  of  the  Escherichia 
genome  wen  dete  cted  only  occasionally  (Table  2). 

1.  A  definite  progressive  relation  betoken  deGag  and  response  is  not 
al^/syn  epporvui  in  the  oral  eri ministration  of  Bijjolla  to  starved  or  carbon 
tetroehlorid.  tr-  aUd  guinea  pigs  (Formal  et  al.,l^C,  1959).  Thus  it  was 
not  possible  to  employ  the  Ut^o  close  ac  an  estimate  of  virulence.  However, 
it  was  observ'd  that  a  dose  of  5  Z  10^  to  1  Z  ItP  (fcSgjeUa  organises  administered 
orally,  under  oar  osperL».iitai  conditions,  consistently  killed  a  large  propor¬ 
tion  of  animals.  Acsecojont  of  virulence  of  par  ntal  sad  hybrid  strains, 
th<  r  ibre,  vac  dependent  primarily  on  sn  "all  or  none'  type  0 1  response. 

>.  Wy  tenting  Ehl, relic  .ybrida  carrying  over lumping  serpents  of  tho 
Escherichia  g.noa.,  it  was  h.-jvd  that  the  id  atom  nuuier  of  chrooseocal  re¬ 
gions  responsible  for  the  virali  noo  of  Aa&tSttUft  *°r  3.e  pre treated  guinea  pig 
aiijbt  1  ->  identified.  Pur  virulence  data  is  sutaaarie  d  in  M>le  3.  Hybrids 
having  received  lac* ,  lac**-  aa- o*.  vha*  end  nal*fron  the  E.  ooli  parent  vvre 
ee  virulmt  ao  the  QA'clIa  parental  strain,  fboso  hybrids  which  serried  At* - 
lad*  were  unlformaly  avirulent,  -./Uiln  icrl4  and  ql*«  ual4  hybrids  wore  either 
completely  virulent  or  cvirwlent  la  dxaut  opul  pa  spc  rtlsms.  Allfaoutfi  sac 
fUc*  hybrid  w  virulent,  the  reasAnlsg  fge4  hybrids  tested,  as  vail  m  all 
of  the  ale* ,  fuc*»  aic* ,  and  fuc*  -  jig**  lac4  wsre  of  interns  diabe  virulence, 
i.c.,  they  consistently  killed  a  low  but  sitpriJloait  proportioa  af  antes!*. 

In  addition,  hybrid*  vdilefc  had  roootasd  the  pill  aatlgcn  from  fi.  ooli  also 
dicplrored  this  intermediate  tirulonoe. 
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6.  Examination  of  hybrids  possessing  Che  chsrsctsristics  of  segregating 
partial  diploids  strongly  indicated  that  the  observed  alterations  in  virulence 
were  due  to  the  transferred  Escherichia  material.  Several  rha*  -  ind*  -  xyl+  - 
nal~t~  hybrids,  in  spite  of  repested  purification,  segregated  clones  (about  1  in 
10^  cells)  which  exhibited  the  parental  Shigella  phenotype.  When  tested  in  the 
guinea  pig  (Table  4),  these  partial  diploids  were  found  to  be  of  intermediate 
virulence,  while  their  haploid  sagregants,  which  had  coispletely  loat  the  in¬ 
jected  Escherichia  genes,  were  indistinguishable  from  the  parental  Shigella  strain 
in  their  virulence.  On  oneeoccasion  a  haploid  segregant  was  isolated  in  which 
the  previously  exogenotic  fragment  had  become  integrated.  This  segregant 
proved  to  be  avlrulent. 

XI.  Alterations  in  the  virulence  of  Salmonella  -  Salmonella  hybrids  for  the 

mouse. 

1.  The  Indication  of  e  genetic  locus,  or  loci,  controlling  the  virulence 
of  JhlSiUft  for  the  pretreated  guinea  pig  has  led  us  to  investigate  the  possible 
exletonee  of  a  similar  factor,  or  factors,  in  Solswnolla.  Hybridisation  of 
Selmnnella  by  £.  coli  was  initially  reported  by  leron,  Carey  and  Spilaan  (19S8). 
Subsequently,  it  has  been  found  possible  to  produce  Salmonella  possessing  doner 
ability,  either  by  hybridisation  for  a  terminal  I.  coll  Hfr  marker  (which  often 
results  in  Integration  of  the  sex  factor,  r),  or  by  infection  with  F,  followed 
by  selection  for  Hfr  aaitants.  The  use  of  such  doners  in  crosses  with  Salmonella 
tvohimurlum.  a  natural  pathogen  for  the  mouse,  presents  an  excellent  system  far 
the  genetic  study  of  virulence. 
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2.  In  preliminary  experiments,  S.  tvphimurlum  strain  C-5,  genetically 
marked  and  virulent  £or  the  mouse,  was  mated  with  an  avlrulent  8.  abonv  donor 
strain,  and  several  hybrid  classes  from  this  mating  were  tested  for  mouse  viru¬ 
lence,  The  initial  findings  indicate  that  virulence  may  be  lost  in  the  hybrids 
when  substitution  occurs  in  the  xyl*  -  rha+  region.  The  correspondence  of  this 
preliminary  data  with  that  obtained  from  the  experiments  with  the  8hlaella  hy¬ 
brids  is  most  encouraging.  However,  further  studies  will  be  necesaery  to  con¬ 
firm  these  findings,  and  to  establish  whether  other  chromosomal  regions  might 
also  be  involved  in  the  virulence  of  S.  tvphimurlum  for  the  moose. 

Ill,  Behavior  of  E.  coll  -  S.  typhosa  hybrids  on  remating  with  K.  coll  Hfr  strains. 

1.  Prom  the  outlet  of  this  Investigation  our  hope  has  been  to  transfer 
the  property  of  virulence  from  a  virulent  genetic  donor  to  an  avlrulent  genetic 
recipient.  As  yet,  this  has  not  been  accomplished,  owing  to  the  difficulty  of 
obtaining  virulent  donor  strAins.  Salmonella,  either  virulent  or  avlrulent, 
generally  are  poor  recipients  in  genetic  crosses  with  8.  coll  It- 12  donors.  Trans¬ 
fer  of  Hfr  donor  ability  to  virulent  Salmonella  strains  In  these  esses  is  very 
hard  to  achieve.  However,  our  studies  on  the  behavior  of  £.  typhosa  hybrids 
produced  by  mating  with  E.  coll  have  pointed  out  a  method  by  which  the  genetic 
recipient  ability  of  Salmonella  nay  be  increased. 

2.  It  has  been  previously  observed  that  8.  typhlmerlum  hybrids  from 
genetic  crosses  with  B.  coll  Hfr  strains  exhibit  Increased  fertility  when  re- 
mated  with  the  I.  coll  parent.  This  hss  been  shown  to  represent  selection  of 
pre-existing,  high  frequency  recipients  from  an  otherwise  sterile  population  by 
the  first  round  of  meting.  However,  upon  examination  of  this  phanonenon  with 
J.  typhosa  as  the  genetic  recipient,  we  discovered  that,  in  this  spelees,  sales- 
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tion  of  high  frequency  recipients  was  not  involved.  Our  studies  showed,  in 
fact,  that  the  increased  recipient  ability  of  the  £.  typhosa  hybrids  was  due  to 
the  presence  of  integrated  B.  coli  genetic  material. 

3.  S.  typhosa  strain  643WS^  was  mated  with  the  E.  col  1  Hfrr  W1895 
(origin,  lac'*'.  ara4.  .  .  .  gal4)  with  selection  for  the  lead  marker  lac'1'. 

Lactose  positive  _S.  typhosa  hybrids,  when  remated  wibh  W1895  for  the  more  dis¬ 
tal  marker  ara4.  showed  frequency  increases  of  200  times  the  normal  frequency 
for  transfer  of  this  gene  to  previously  unmated  I.  typhosa.  It  was  noted  that 
many  lac*  typhosa  hybrids  were  heterogenotes  which  continually  segregated 
lactose  negative  ( lac*)  clones.  When  a  number  of  these  lac*  segregants,  which 
had  lost  the  E.  coli  genetic  material,  were  remated  with  the  E.  coli  parent, 
none  showed  any  increase  in  recipient  ability.  This  provided  the  initial  evi¬ 
dence  that  the  fertility  increases  of  the  hybrids  occurred  as  a  consequence 

of  the  transferrai  E.  col  1  genetic  material. 

4.  E.  coll  Hfr  strains  W1895  and  Hayes  (transferring  origin,  ara4.  lac4. 

.  .  .  Ih£+)  were  crossed  with  £.  typhosa  643  WS*,  with  selection  for  the  single 
markers  lac4  and  era4.  Four  classes  of  643WS*  hybrids  were  obtained  which  were 
labelled  as  follows:  those  receiving  lac4  alone  or  ara4  alone  from  W1895  were 
designated  WS*  lac4(95)  and  WSR  era4(95),  respectively;  those  receiving  these 
individual  markers  from  Hayes  were  labelled  WS*  lac4(H)  and  WS*  ara4(H).  These 
four  hybrid  classes  were  then  remsted  with  each  of  the  two  E.  coli  Hfr  strains 

in  a  series  of  eight  reciprocal  genetic  crosses.  These  crosses,  shown  in  Table  5, 
demonstrated  that  each  hybrid  class  was  capable  of  exhibiting  significant  in¬ 
creases  in  recombination  frequency  wherever  the  leading  chromosomal  region  of 
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th«  I.  coll  Hfr  used  for  remating  matched  the  I.  coll  ganatlc  itgatnt  previously 
lntagratad  by  tha  hybrid.  When  the  alternate  Hfr  (which  did  not  Inject  its 
chromosome  Into  the  region  of  artificial  genetic  hoaology)  was  employed,  no 
increaae  in  recombination  frequency  was  observed.  An  exception  was  noted  in 
the  Hayes  X  W8*  lac+tH)  matings  (Table  5,  cross  6),  where  a  13-fold  increase 
occurred  when  the  E.  coll  segment  Integrated  by  the  hybrid  does  not  appear  to 
match  the  lead  chromosomal  region  of  Hayes.  Probably,  these  hybrids  have  Inte¬ 
grated  E.  colt  material  nearer  to  the  Hayes  lead  region  than  the  absence  of 
the  are*  marker  would  indicate. 

3.  Thus,  it  is  possible  to  Increase  significantly  the  recipient  ability 
of  £.  tvphosa  in  crosses  with  E.  coll  Hfr  strains  by  transfer  and  integration 
of  etrateglcally  located  K.  coll  chromosomal  segments.  The  studies  of  Zlnder 
(1960)  and  Palkow,  Round  and  Baron  (1962)  have  shown  that  the  homology  which 
exists  between  Escherichia  and  Salmonella  is  incomplete.  Presumably,  then, 
prior  establishment  in  S.  typhosa  of  an  Escherichia  genetic  segment  homologous 
with  the  leading  chromosomal  afctlon  of  the  E.  coll  donor  facilitates  early 
genetic  pairing  and  integration  of  the  transferred  material.  Removal  of  the 
Initial  barrier  to  integration  of  lead  Hfr  markers  would  increase  the  chances 
of  integration  of  more  distal  markers,  thus  accounting  for  the  observed  in¬ 
crease  in  recombination  frequencies. 

Summary 

1.  Three  E,  coll  K-12  Hfr  donors  were  employed  in  genetic  crosses  with 
the  2a  strain  of  Shigella  flexnerl.  The  results  of  these  matings  confined 
the  existence  of  a  gross  homology  between  the  chromosomes  of  these  two  orgenlsms. 
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However,  recombination  frequencies  were  lower  than  those  obtained  in  comparable 
E.  coll  X  E.  col  1  crosses,  and  extensive  transfer  of  the  Escherichia  genome  waa 
detected  only  occasionally. 

2.  Sh i ge  1 1  a  hybrids  carrying  overlapping  segments  of  the  Escherichia 
genome  were  compared  with  the  parental  Shine  11 a  strain  with  regard  to  their 
viruleece  for  starved  or  carbon  tetrachloride  treated  guinea  pigs.  Hybrids 
which  received  lac* .  lac*  -  ara* ,  rha* .  and  mal*  from  the  E.  coll  parent  were 
as  virulent  as  the  parent  strain.  Hybrids  carrying  rha+  -  ind+  were  uniformly 

+  a.  + 

avirulent,  while  xyl  and  xyl  -  mal  hybrids  were  either  completely  virulent 
or  avirulent  in  about  equal  proportions.  With  one  exception,  fuc~>~ .  nic*. 

_fu£+  -  nlc*.  and  fuc+  ”  nlc*  -  1 ac*  hybrids,  as  well  as  those  receiving  the 
pill  antigen  from  E.  col i .  were  of  Intermediate  vlrulenc4. 

3.  Shigella  rha4  -  ind*  -  xyl'*'  -  mal4-  hybrids,  possessing  the  character* 
lstlcs  of  segregating  heterogenotes ,  were  found  to  be  of  intermediate  virulence, 
while  their  haploid  segregants,  which  had  lost  the  E.  coll  genetic  material, 
were  fully  virulent.  One  haploid  segregafet,  which  had  Integrated  the  pre- 
viously  cxogenotic  E.  col i  fragment,  proved  to  be  avirulent. 

A.  In  preliminary  experiments,  e  virulent  Salmonella  typhiiirlum  strain, 
C-5,  waa  mated  with  an  avirulent  Salmonella  a bony  donor  strain.  Testing  of 
several  hybrid  classes  produced  by  this  meting  indicated  that  mouse  virulence 
may  be  lost  in  the  hybrids  when  substitution  occurs  in  the  xyl’*'  -  rha*  region. 

5.  Lactose  positive  Salmonella  tvnhosa  hybrids  produced  by  mating  with 
E.  coll  Hfr  W1895  showed  significant  increases  in  frequency  when  remated  with 
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this  Hfr.  However,  lactose  negative  segregants  from  1 ac4,  tvnhosa  hetero- 
genotes  displayed  no  fertility  increase,  indicating  that  the  integrated  Escher¬ 
ichia  genetic  material  uas  responsible  for  the  enhanced  recipient  ability. 

6.  E.  col 1  Hfr  strains  W1895  and  Hayes  were  mated  with  S.  tynhosa  643WS^ 
with  single  marker  selection  for  lac-*-  and  ara4.  Four  hybrid  classes  were  ob¬ 
tained,  each  possessing  a  single  marker  derived  from  one  of  the  E.  col i  parents^ 
In  a  series  of  eight  reciprocal  genetic  crosses,  each  hybrid  class  was  remated 
with  each  of  the  two  JS.  col i  Hfr  strains.  With  one  exception,  recipient  ability 
was  increased  in  the  hybrids  only  when  the  E.  col i  genetic  segment  previously 
integrated  matched  the  proximal  region  of  the  remat Ing  Hfr  chromosome.  We 
have  interpreted  this  as  establishment  in  S.  typhosa  of  an  artificial  chromo¬ 
somal  homology,  which  removes  the  initial  barrier  to  inte  ^ration  of  E.  coll 
lead  markers,  thereby  increasing  the  integration  chances  of  more  distal  Hfr 
markers. 


Discussion 

The  genetic  studies  presented  in  this  report  confirm  and  extend  the  obser¬ 
vations  of  Luria  and  Burrous  (1957)  that  E.  col i  K-12  and  Shi gel  la  exhibit  genetic 
homology.  Our  finding  that  Shige 1  la  hybrids  show  alterations  in  virulence  as  a 
consequence  of  integration  of  segments  of  the  E; cherlchia  chromosome  is  most  sig¬ 
nificant.  Of  equal  importance  is  the  fact  that  some  hybrids  retain  virulence 
even  after  incorporation  of  up  to  15  per  cent  of  the  Escherichia  genome. 

The  intermediate  virulence  of  thase  hybrids  which  had  received  one  of  two 
widely  divergent  chromosomal  regions  is  not  immediately  apparent.  However,  it 
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Is  encouraging  that  analysis  of  over  one-half  of  the  chromosome  has  revealed 
only  one  region  which  appears  to  be  essential  for  the  virulence  of  SI.  f lexneri 
2a  for  the  guinea  pig.  The  segregation  of  virulence  among  the  xyl+  and 
xvl+  -  mal*  hybrids,  and  the  complete  loss  of  virMaace  in  all  hybrids  carry¬ 
ing  the  closely  linked  lnd+  and  rha+  -  1 nd+  markers  indicates  that  we  may  be 
dealing  with  a  single  gene,  or  gene  cluster,  located  between  rha+  and  xyl+  . 

The  results  obtained  with  partial  diploid  strains  are  strongly  suggestive 
that  the  observed  virulence  alterations  of  Shigella  hybrids  are  the  direct  re¬ 
sult  of  the  presence  of  Escherichia  gaaetic  material,  rather  than  some  non¬ 
specific  phenomenon.  In  the  partial  diploid,  the  hybrid  retains  its  full 
complement  of  Shigella  genes,  but  Is  still  significantly  lesa  virulent  than 
the  parental  dysentery  culture.  The  strain  may  return  to  complete  virulence 
by  eliminating  the  Escherichia  chromosomal  fragment  or  become  avlrulent  by 
incorporation  of  the  fragment.  The  reduced  virulence  of  the  diploid  cells 
indicates  that  one  or  more  determinants  of  the  endogenote  important  for  viru¬ 
lence  are  recessive  to,  or  may  be  replaced  by,  determinants  on  the  Escherichia 
exogenote.  In  addition,  the  data  obtained  with  diploids  suggest  that  the  viru¬ 
lence  loss  associated  with  the  incorporation  of  the  rha+  -  xvl*  region  Is  very 
likely  not  due  to  deletion  or  unequal  crossing  over  of  Shigella  material. 

As  indicated  previously,  evidence  is  accumulating  to  show  that  the 
chromosomes  of  E.  coll.  Salmonella,  and  Shl?el la  arc  grossly  homologous.  This 
gross  homology  could  Indicate  that  identical  chromosomal  regions  responsible 
for  virulence  (or  lack  of  virulence)  may  be  identified  in  all  three  groups  of 
organisms.  In  fact,  our  preliminary  data  with  S.  tvnhi murium  Indicates  that 
this  is  the  case.  Further  studies  will,  of  course,  be  required  to  verify  these 
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data,  and  to  establish  the  precise  chromosomal  location  of  the  genetic  deter¬ 
minant  (or  determinants)  responsible  for  virulence  in  these  organisms.  In 
addition,  it  is  anticipated  that  the  Information  derived  from  our  atudles  on 
Salmonella  recipient  ability  will  enable  us  to  obtain  virulent  Salmonella  and 
Shigella  donor  strains.  The  employment  of  these  strains  in  future  studies 
would  provide  significant  information  with  regard  to  virulence,  genetic  homol¬ 
ogy,  and  evolution  of  species  within  the  Enter obacterlaceae. 
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Table  1 


Transfer  of  Genetic  Characters  from  E.  coll  K-12  to  S.  flexneri  2a  strain  2457T 
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Table  3 


Summary  of  Hybrid  Virulence 
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Virulence  of  Partial  Diploid  Hybrids 
Of  S.  flexnerl  2a  and  Their  Haploid  Seareganta 
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